Based on magnetization, specific heat, magnetostriction, and neutron diffraction studies on single-crystal TbCo 2 B 2 C, it is found out that the paramagnetic properties, down to liquid nitrogen temperatures, are well described by a Curie-Weiss behavior of the Tb 3+ moments. Furthermore, below T c = 6.3 K, the Tb-sublattice undergoes a ferromagnetic (FM) phase transition with the easy axis being along the (100) direction and, concomitantly, the unit cell undergoes a tetragonal-toorthorhhombic distortion. For fields up to 90 kOe, no field-induced splitting of the Co 3d orbitals was observed; as such the internal field must be well below the critical value needed to polarize the Co 3d subsystem. The manifestation of a FM state in TbCo 2 B 2 C is unique among all other isomorphous borocarbides, in particular TbNi 2 B 2 C (T N =15 K, incommensurate modulated magnetic state) even though the Tb-ions in both isomorphs have almost the same crystalline electric field properties. The difference in the magnetic modes of these Tb-based isomorphs is attributed to a difference in their exchange couplings caused by a variation in their lattice parameters and in the position of their Fermi levels.
I. INTRODUCTION
Whenever a family of compounds, containing 3d transition-metal (M) and rare-earth (R) atoms, manifests similar band structures, the trend in their magnetic properties can be rationalized in terms of the position of the Fermi level E F within the density of states N(E) curve. The cubic, Laves-type RM 2 family of compounds provides a best illustration.
states with − → q ≃ (0.55,0,0). 6, 11, 12, 13, 14 At T WF (which is <T N ), each of the latter states transforms into an equal-amplitude, squared-up state and in the particular cases of R = Er and Tb, this transformation leads to a surge of a weak ferromagnetic component. 15, 16, 17, 18 It is an experimental fact that none of the Ni-based compounds manifests a ferromagnetic, FM, ground state though there is, at least for R = Pr, Ho, Dy, a strong FM intralayer coupling.
It is recalled that the Ni subsystem in YNi 2 B 2 C is magnetically inactive 5 while the Co subsystem in YCo 2 B 2 C manifests an exchange enhanced paramagnetism: 19 based on the above model, these features indicate that E F in the Ni-based compound is above a filled 3d band and, in addition, is not at a steep region of N(E) while for the Co-based compound the curvature of N(E) at E F must be positive and nonnegligible. Indeed electronic structure calculations 20, 21, 22, 23 on RNi 2 B 2 C (R = Lu,Y) showed that E F is situated at the top of a pronounced and narrow N(E) peak and this peak lies on the top edge of nearly filled Ni(3d )
bands: this, together with the intermediate electron-phonon coupling and the smaller Stoner factor, explains the surge of the superconductivity as well as the nonmagnetic character of the Ni-sublattice. Furthermore, in case of a FM order, such an N(E) peak at E F would be exchange split due to the direct intra-atomic 4f-5d exchange interaction: 20 such a split would be higher than the superconducting gap; it is an experimental fact that, due to their AFM structures, none of the magnetic RNi 2 B 2 C superconductors shows this splitting.
Band structure calculations 20 on LuCo 2 B 2 C showed that, for such isomorphous borocarbides, the rigid band model yields a reasonable description of the band filling. Furthermore, E F is situated at the decreasing but right-hand side of one of the peaks that receives a considerable contribution from the Co 3d-band, and that N(E F ) is of the same magnitude as that of LuNi 2 B 2 C: the latter finding is consistent with the observation that the Sommerfeld linear specific heat coefficients of YCo 2 B 2 C and YNi 2 B 2 C are equal. 24 Furthermore, as that the first derivatives of N(E) are nonnegligible, then we expect the Co sublattice, similar to 19,25 the possibility of Co-subsystem polarization, on the other hand, would be addressed in this work. As far as the R-sublattice magnetism is concerned, it is expected that the difference in the lattice parameters and in the electronic band structure of the Co-and Ni-based borocarbides would imply a modification in the character of the mediating RKKY-type interactions and consequently in the character of their magnetic ground states.
In this paper, we report on the extensive magnetic characterization of TbCo 2 B 2 C. The successful synthesis of a single-crystal sample of TbCo 2 B 2 C made it possible to identify unambiguously the paramagnetic as well as the ordered-state properties of the Tb sublattice: the former is dominated by a Curie-Weiss behavior while the latter is found to be a FM structure with the easy axis lying along the a direction. Such a FM state is in sharp contrast to the AFM-type mode of the isomorphous TbNi 2 B 2 C. 13, 16, 26, 27, 28, 29 
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11 B enriched polycrystals of TbCo 2 B 2 C were prepared by conventional arc-melt method. These polycrystals were used as feeding rods during a floating-zone synthesis, a process that we used for single crystals growth.
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Characterization were carried out using magnetization [M(T, H), extraction method within the ranges 1.9 ≤ T ≤ 300 K and H ≤ 90 kOe] and zero-field specific heat [C(T ), semi-adiabatic method within the range 0.5 ≤ T ≤ 15 K, accuracy better than 4%]. A highaccuracy capacitance dilatometer 31 was used for measuring the thermal expansion or forced magnetostriction with a resolution better than 1Å. The relative change in length, measured along the cosine directions (β 1 β 2 β 3 ) when a field is applied along the cosine direction (xyz), is denoted as
Neutron-diffraction measurements were carried out at the Institut Laue-Langevin in Grenoble, France. Measurements were carried out on a powdered as-prepared arc-melt polycrystalline sample (since large quantity is desirable, see § III.D below) as well as on a single crystal sample. The powder diffraction patterns were collected within a temperature range 2 to 40 K using the D1B diffractometer with a selected incident wavelength of 2.42
A; Rietveld refinements of both crystallographic and magnetic structures were carried out using the Fullprof package of Rodriguez-Carvajal (www.ill.fr/dif/Soft/fp). Single crystal diffraction studies were performed on the D10 four-circle diffractometer with λ = 2.3606Å
over a wide range of q space and within the temperature range 1.7 < T < 8K. T m -feature is sample-dependent (see below), it is attributed to a contaminating magnetic phase, the magnetization of which saturates completely to 0.05 µ B /formula unit for field higher than 2 kOe. Based on the weight ratios of the magnetic moments, the fraction of the Tb ions in this spurious phase relative to the major TbCo 2 B 2 C phase is estimated to be 0.7%. for a free Tb 3+ ion: this observed moment lowering confirms the above-mentioned influence of the CEF effects and that these effects are similar to the ones observed in the Ni-based isomorph. Alternatively, let us assume that the difference between µ sp of TbCo 2 B 2 C and the reported moment of TbNi 2 B 2 C is due exclusively to the spontaneous polarization of the Co 3d orbitals which are coupled ferrimagnetically to the FM Tb sublattice. Then, based on Co cr (see § IV) since if there is any spontaneous Co polarization then the induced moment should be much higher than 0.25 µ B . As the CW law describes well the paramagnetic susceptibility of TbCo 2 B 2 C (see above), then the exchange-enhancement factor for the Co-subsystem susceptibility must be extremely small. Figure 3 shows the zero-field magnetic specific heat and entropy of single-crystal TbCo 2 B 2 C obtained after subtracting the nuclear, electronic, and lattice contributions (the latter two were obtained from YCo 2 B 2 C). 19, 24 The nuclear contribution is of dominant importance only at very low temperatures and was evaluated from the diagonalization of the hyperfine Hamiltonian. 34 It is worth mentioning that at very low-temperature, the nuclear contribution is much stronger than the magnetic one: as such the propagation of errors due to successive subtraction of non-magnon contributions would eventually influence the absolute value of C M (T ); this may undermine the quality of the comparison between the theoretical and experimental magnon contributions (see Fig. 3 ).
B. Specific heat
Both C mag (T ) and S mag (T ) curves do confirm the onset of the magnetic order at T c : the former curve rises very sharply at T c while the latter manifests a pronounced change of slope.
Considering the magnetic structure to be associated with the FM order of the Tb-sublattice (see below), we fit the experimental C mag (T ) to the theoretical magnon expression of Eq.
A5 (see Appendix): as can be seen in Fig. 3 , the excellent fit to Eq. A5 gives the spin-wave stiffness coefficient D=26.3(5) K and the gap parameter ∆=8.4(2) K. The high value of D is indicative of stronger effective exchange couplings. On the other hand, the value of ∆ (which from Eq. A3 is a measure of the anisotropic field) is consistent with the strong anisotropic features observed in the magnetization measurements.
The inset of Fig. 3 compares the measured C mag (T ) of a single-crystal sample with that of a polycrystalline one. Evidently the T m -transition is sample-dependent: while C mag (T ) of the polycrystalline sample manifests a pronounced event at T m =3.6(2) K, that of the singlecrystal hardly shows any anomaly. As mentioned above, the single-crystal sample contains only a 0.7% spurious phase and this concentration limit is lower than the resolution of the specific heat set-up. C. magnetostriction Figure 4 shows the forced magnetostriction isotherms measured along the a and b axis with H a. Once more (apart from the low-field, domain-wall sweeping-out region and the saturated regime) there is no metamagnetic transition in these isotherms. The inset of Fig. 4 indicates clearly that below T c , TbCo 2 B 2 C undergoes a spontaneous distortion which -based on Fig. 4(a) , see also § III.D -is attributed to an orthorhombic distortion of the tetragonal unit cell. A similar distortion was reported for TbNi 2 B 2 C. 16, 29, 31, 35, 36 Then the behavior of the forced magnetostriction of Fig.4 can be understood as follows: at zero-field, there is an equal distribution of domains along each of the a and b axes; an applied field along, say, the a axis would involve a rearrangement of the orthorhombically-distorted domains and as such induces an increase in M(H a) [ Fig. 4 (b) ], an increase in 100 λ 100 (H), and a decrease in 010 λ 100 (H) [Fig. 4 (a) ].
D. Neutron Diffraction
The thermal evolution of the powder diffractograms are shown Figs. 5-6. For T > T c , the patterns consist of the tetragonal crystal structure of TbCo 2 B 2 C and a small impurity phase. On the other hand, for T m < T < T c , it is evident that the magnetic reflections are piled up on the top of the nuclear Bragg peaks: a q 0 =(000) mode. Considering that the paramagnetic state is dominated by the Tb moment, that the evolution of the isothermal magnetization and magnetostriction indicates no metamagnetic transition which can be related to the onset of Co moment, then this q 0 mode must be related to the Tb sublattice.
Furthermore, since the Tb ion occupies the special 2a site in the unit cell, then this mode must be FM: confirming the conclusions drawn from the magnetization, magnetostriction, and specific heat studies. Indeed, Fig. 6 (a) confirms that this pattern is a FM mode.
Alternatively, if this mode is related to the Co sublattice then, due to the multiplicity of the 4d site occupied by the Co atoms, the magnetic order should be either AFM (if only due to Co subsystem) or ferrimagnetic (if both subsystems are ordered): in the light of all the above-mentioned results, both possibilities must be ruled out (see also § IV).
To extract more information, Rietveld analysis was carried out on the diffractograms measured within the range T m < T < T c . Because of the structural distortion, we used the Immm space group together with the parameters given in Table I the magnetoelastic effects observed in Fig. 4 . Furthermore, the analysis revealed that the zero-field Tb magnetic moment is along the longest side of the base of the orthorhombic cell.
Below T m ≈3.7 K, the thermal evolution of the diffractograms reveals two features [Figs. were collected on as-prepared, arc-melt polycrystalline sample -which as mentioned above contains magnetic contamination -then these additional peaks are taken to be due to the same magnetic contamination, which is responsible for the hysteresis event in Fig. 1 and the weak specific heat anomaly in the inset of Fig. 3 (we argue, in § IV, that these events can not be due to an onset of a Co itinerant moment).
Various q-scans within the range 1.7< T <8 K were performed on a single crystal of TbCo 2 B 2 C. A wide range of q space were scanned while maintaining the temperature constant at 1.7 K. Indeed, most of the nuclear (and ferromagnetic) peaks that satisfy the relation h + k + l = 2n were observed. In addition, we also looked, at 1.7 K, for any modulated Some weak reflections were observed. Fig. 9 shows the thermal evolution of one of these peaks and, for comparison, also that of the (0,0,4) peak. As evident, the intensity of the (0,0,4) peak, being due to magnetic and nuclear contributions, decrease smoothly and goes to the value of the nuclear intensity as the temperature reaches T c . In particular there is no visible variation in the (0,0,4) intensity when T is varied across T m , indicating that the event at this temperature, does not belong to the main phase. On the other hand, the intensity of the other peak decays very fast as the temperature increases and is almost within the 6 The same thermal parameters reported for TbNi 2 B 2 C are also used for the analysis of TbCo 2 B 2 C.
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Co B C TbNi 2 B 2 C P 4/mmm position (000) ( experimental uncertainty when T > 2 K. Such a thermal evolution is similar to the features observed in the magnetization hysteresis (Fig. 1) , in the specific heat anomaly (inset of Fig. 3), and in the powder neutron diffractograms (Figs. 5-7 ). This suggests that this, as well as the other weak peaks, are related to the same impurity phase as discussed above. Evidently, the ratio of the intensity of this contaminating peak to that of the (0,0,4) peak is extremely small in the single-crystal sample; in terms of the above mentioned impurity scenario, this means that the impurity concentration in the single-crystal sample is much smaller than the one in the polycrystalline case: this conclusion is supported by the observation that the intensity of the specific heat event at T m is hardly evident in the single-crystal sample (see the inset of Fig. 3 ).
Based on the above conclusions, the powder diffractograms below T m were analyzed, with the Rietveld method, as a superposition of three patterns: the nuclear, the FM mode, and a third unidentified contaminating magnetic phase. The Rietveld analysis of the nuclear and magnetic patterns of the main phase below T m is straightforward and gave a satisfactorily fit; the diffractograms are shown in Fig. 7 while the obtained structural and magnetic parameters are given in Fig. 8 ; the latter figure reveal that the lattice parameters evolve smoothly across T m and, furthermore, the mismatch parameter (a − b)/a is the same as the one manifested in the magnetostriction experiment of Fig. 4 (a) . On the other hand, Fig. 8 (c) compares the reduced Tb magnetic moment, µ(T )/µ(2 K), with the calculated Brillouin function, B 6 (x). The total angular momentum quantum number is taken to be 6, representing that of a free Tb 3+ ion. Since, as shown above, there are considerable CEF effects, then this B 6 (x) curve should be taken as a lower bound; nonetheless, the overall thermal 
IV. DISCUSSION AND CONCLUSIONS
The above results show that the paramagnetic susceptibilities are given by the CW behavior of the Tb 3+ moments, that this contribution is strong enough to mask any magnetic contribution of Co-sublattice (if there is any), that µ eff and µ sat are typical of Tb 3+ ion and are almost equal to the ones observed in TbNi 2 B 2 C (see Table II ), and that the transition at T c is identified as being due to the FM order of the Tb sublattice. In addition, the sample-dependent T m -event is associated with magnetic contamination. Below we give a further argument in support of this latter identification. Obviously, if such a T m -event is intrinsic, then it must be either due to the Co-or Tb-sublattice. That the M(H, T < T C ) and 100 λ 100 (H, T < T C ) isotherms do not show any metamagnetic transition and that the same FM state of Tb sublattice is being maintained across T m , then this T m -event can not be related to a rearrangement (in direction or strength) of the Tb FM sublattice.
Let us now discuss the claim that the Co orbitals which, being on the verge of ferromagnetism, are spontaneously polarized. But the fulfilment of this possibility requires that Fig. 8 (c) ]. In this case, there should be two magnetic transitions: one related to the R-subsystem and another to the Co-subsystem; just as in the case of, e.g., It is significant that the FM structure of TbCo 2 B 2 C is drastically different from any of the reported magnetic structures of borocarbides, 6 in particular TbNi 2 B 2 C even though these Tb-based isomorphs are similar in most (if not all) of the single-ion CEF-influenced properties such as the anisotropy, the strength, and the orientation of Tb moments (see § III.A and D). However, these isomorphs are distinctly different (see Table II has the same Debye and Sommerfeld coefficients as YNi 2 B 2 C).
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Finally, it is recalled that the indirect exchange coupling in metallic magnets are usually written as:
where Γ is the s − f exchange coupling, n is the carrier concentration [governed by by N(E F )], R ni is the distance separating the moments, E F and k F are the Fermi energy and wave vector, and λ (> R) is the mean free path. Considering that these couplings manifest a quadratic dependence on N(E F ) and a sensitive sinusoidal dependence on the moments separating distances, then it is no surprise that the combination of difference in the electronic structure 20 and in the lattice parameters (see Table I ) would lead to strong variation in the magnitude and sign of the coupling constants and as such to drastic difference in the magnetic structures of these Tb-based isomorphs. In fact this difference is not limited to these Tbbased isomorphs, our preliminary studies on the magnetic structures of the RCo 2 B 2 C series showed that this is valid for the whole RCo 2 B 2 C magnets: 40 as an example, the FM mode is observed in TmCo 2 B 2 C and HoC 2 B 2 C.
that the main contributions to the magnetic energy is due to the above-mentioned exchange couplings and anisotropic crystalline electric field interactions. Within the low temperature regime of interest, the anisotropic interactions can be approximated by an effective field H a (in energy units) which, for this particular case, forces the moments to points along the a axis. The Hamiltonian (under zero external field) can be written as:
